Introduction
============

Skin photoaging is a cosmetic concern worldwide, and is characterized by atrophy of the skin, coarse wrinkles and leathery skin ([@b1-mmr-18-02-1439]). Sun exposure is the main factor leading to photoaging, primarily due to ultraviolet (UV) radiation. There are three categories of ultraviolet light according to its wavelength, including UVA (320--400 nm), UVB (290--320 nm) and UVC (200--290 nm) ([@b2-mmr-18-02-1439]). UVB is considered to be the most important factor associated with skin photoaging ([@b3-mmr-18-02-1439]). UVB radiation exposure can induce the production of reactive oxygen species (ROS) in dermal fibroblasts, including the hydroxyl free radical, superoxide anion, singlet oxygen and hydrogen peroxide ([@b4-mmr-18-02-1439]). Increased ROS levels can damage dermal fibroblasts, the most important cell type in the dermis that produces extracellular matrix (ECM). Subsequently, the synthesis of ECM could be inhibited and degradation may be accelerated, resulting in skin aging ([@b2-mmr-18-02-1439]). Antioxidants, including vitamins C and E, and coenzyme Q10, could inhibit and neutralize ROS; thus, they have been suggested for the treatment and prevention of skin photoaging ([@b5-mmr-18-02-1439]).

Saffron has been used in traditional Chinese medicine for a number of years. It has been traditionally used for the treatment of many types of disease, including neurodegenerative disorders, coronary artery diseases, respiratory diseases and gastrointestinal diseases ([@b6-mmr-18-02-1439]). The therapeutic effects of saffron are associated with some of its components. Crocin is one of the main and active constituents isolated from saffron. It has been shown previously that crocin exhibits multiple activities, including anti-cancer, anti-inflammatory and anti-oxidation effects in various cell types ([@b7-mmr-18-02-1439]). Lv *et al* ([@b8-mmr-18-02-1439]) reported that crocin exerts an anti-oxidative effect against H~2~O~2~-induced apoptosis in retinal ganglion cells.

Based on the anti-oxidant capacity of crocin, it was speculated that it may prevent UVB-induced skin aging. In the present study, the protective effects of crocin against UVB-induced damage were investigated in cultured human dermal fibroblasts.

Materials and methods
=====================

### Preparation of crocin

Crocin (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) was dissolved in sterile PBS solution at a concentration of 10 mM, stored at −20°C and then freshly thawed at room temperature prior to each use.

### Antioxidant effects of crocin

To test the antioxidant effects of crocin, 1,1-diphenyl-2-picrylhydrazyl (DPPH; Sigma-Aldrich; Merck KGaA) radical scavenging activity was measured as previously described ([@b9-mmr-18-02-1439]). Reaction mixtures (200 µl) containing DPPH and a serial dilution of crocin (100--800 µM) were placed in a 96-well plate at room temperature in the dark for 30 min, then the absorbance was measured at 515 nm using a Varioskan Flash Spectral Scanning Multimode Reader (Thermo Fisher Scientific, Inc., Waltham, MA, USA). The inhibition rate was determined using the following equation: Inhibition rate (%)=\[1-(A~sample~/A~control~)\] ×100. Where A refers to the absorbance measured at 515 nm.

### Cell isolation and culture

Dermal fibroblasts were isolated from human foreskin specimens. Samples were obtained from five donors (age, 6--12 years) who underwent a routine circumcision procedure at Shanghai 9th People\'s Hospital between January 2016 and January 2017. Written informed consent was obtained. The present study was approved by The Ethics Committee of Shanghai 9th People\'s Hospital, Shanghai Jiao Tong University School of Medicine (Shanghai, China). A single-cell suspension was obtained as previously described ([@b10-mmr-18-02-1439]). Cells were then suspended in Dulbecco\'s modified Eagle\'s medium (Invitrogen; Thermo Fisher Scientific, Inc.) supplemented with 10% fetal bovine serum (HyClone; GE Healthcare Life Sciences, Logan, UT, USA), 300 µg/ml L-glutamine, 100 U/ml penicillin and 100 µg/ml streptomycin (all Sigma-Aldrich; Merck KGaA). Cells were maintained at 37°C in a humidified atmosphere containing 5% CO~2~ and passaged by trypsinization with 0.25% trypsin-EDTA (Gibco; Thermo Fisher Scientific, Inc.) every 3--5 days. Cells at passage 3--5 were used in the following experiments.

### Crocin toxicity analysis

Fibroblasts were seeded in a 96-well plate at a density of 2,000 cells/well and treated with different concentrations of crocin (0, 12.5, 50 and 100 µM) and subsequently maintained at 37°C in a humidified atmosphere containing 5% CO~2~ for 72 h. Cell proliferation was then measured using a Cell Counting Kit-8 (CCK-8; Beyotime Institute of Biotechnology, Haimen, China), according to the manufacturer\'s instructions. Untreated cells served as the control.

### UVB irradiation

Fibroblasts were cultured in 96-well (2,000 cells/well) or 6-well plates (1×10^5^ cells/well) in the aforementioned supplemented DMEM mixture, and maintained at 37°C for 24 h. Following a further 24 h of incubation at 37°C with or without crocin (0, 12.5, 50 and 100 µM), culture medium was replaced with PBS. Cells were then exposed to UVB light (Philips 311 nm, TL 20W/01; Philips Lighting Holding B.V., Eindhoven, The Netherlands) at a total dose of 100 mJ/cm^2^. Following irradiation, the medium was replaced with culture medium with or without crocin, and cells were maintained at 37°C in a humidified atmosphere containing 5% CO~2~ for 24 or 72 h for further analyses. Cells treated with UVB irradiation and 150 µM vitamin C (Vit C; Sigma-Aldrich; Merck KGaA) served as a positive control. The following experiments were then performed.

### Determination of cell proliferation

Cell proliferation was measured at 72 h post-irradiation using a CCK-8 kit (Beyotime Institute of Biotechnology), according to the manufacturer\'s instructions. Results are expressed as the relative cell proliferation (%) with respect to the control cells (cells without UVB irradiation or crocin treatment).

### Cell cycle analysis

At 24 h post-UVB radiation, 5×10^5^ cells were harvested by 0.25% Trypsin-EDTA and then fixed in 70% ethanol overnight at 4°C. Fixed cells were washed twice with PBS and then incubated with 1.5 mg/l RNase A (Sigma-Aldrich; Merck KGaA) for 1 h at 37°C, followed by staining with 5 µl of propidium iodide (Sigma-Aldrich; Merck KGaA) for 20 min on ice. DNA content was assessed using an Epics Altra Flow Cytometer (Beckman Coulter, Inc., Brea, CA, USA), and analyzed with Modi Fit LT v2.0 software (Verity Software House, Inc., Topsham, ME, USA).

### β-galactosidase (SA-β-gal) staining

To measure the cell-aging rate, SA-β-gal staining was performed at 72 h post-irradiation using a Senescence β-Galactosidase staining kit purchased from Cell Signaling Technology, Inc. (Danvers, MA, USA; cat. no. 9860). Cells were washed in PBS, fixed for 10 min at room temperature in 4% paraformaldehyde and stained according to manufacturer\'s instructions. Five random fields from each sample (n=3 samples/group) were selected to observe under a light microscope (Nikon Eclipse 90i; Nikon Corporation, Tokyo, Japan), and the number of SA-β-gal-positive cells was counted using Image-Pro Plus 6.0 software (Media Cybernetics, Inc., Rockville, MD, USA). The aging rate was determined as the percentage of positive cells out of the total number of cells.

### Measurement of intracellular ROS

Intracellular ROS levels were determined by 2′,7′-dichlorodihydrofluoresce in diacetate (DCFH~2~-DA; Sigma-Aldrich; Merck KGaA) staining. Briefly, immediately following UVB irradiation, cells were incubated with DCFH~2~-DA (10 mM) at 37°C for 20 min. Following this, half of the cells were observed under a fluorescent microscope (Olympus IX70-S1F2; Olympus Corporation, Tokyo, Japan), and the other half of the cells were collected and analyzed with an Epics Altra Flow Cytometer, as described previously ([@b11-mmr-18-02-1439]).

### Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis

Cells (2×10^6^) were collected at 72 h post-irradiation. Total RNA was extracted using TRIzol^®^ reagent (Invitrogen; Thermo Fisher Scientific, Inc.), and cDNA was synthesized from 2 µg total RNA using 200 U of reverse transcriptase (MMLV-RT) and 20 pM oligo dT (Promega Corporation, Madison, WI, USA) at 42°C for 1 h. The expression of pro-collagen I was determined by qPCR using SYBR Green PCR Master mix (Applied Biosystems, Thermo Fisher Scientific, Inc.). The thermocycling conditions were as follows: Initial denaturation at 95°C for 10 min, followed by 40 cycles at 95°C for 30 sec, 60°C for 30 sec and 72°C for 45 sec, using the Strata Gene Mx3000p (Agilent Technologies, Inc., Santa Clara, CA, USA). Expression was quantified using the 2^−∆∆Cq^ method ([@b12-mmr-18-02-1439]). The primers employed were as follows: Pro-collagen I, forward: 5′-CTCGAGGTGGACACCACCCT-3′ and reverse: 5′-CAGCTGGATGGCCACATCGG-3′. All amplifications were run in triplicate and the results were normalized to the housekeeping gene GAPDH, the primers of which were as follows: Forward: 5′-CAAAAGGGTCATCATCTCTG-3′ and reverse: 5′-CCTGCTTCACCACCTTCTTG-3′. Three independent experiments were performed.

### Western blot analysis

Cells (2×10^6^) were collected at 72 h post-irradiation. Total protein was extracted for western blot analysis and the expression of collagen type 1 (Col-1) and glutathione peroxidase 1 (GPX-1) was measured. Proteins were harvested and collected with radioimmunoprecipitation assay lysis buffer (Beyotime Institute of Biotechnology). Protein concentrations were determined with a bicinchoninic acid protein assay. Subsequently, proteins (20 µg/lane) were separated by 12% SDS-PAGE. Following electrophoresis at 100 V for 2 h, proteins were transferred to polyvinylidene difluoride membranes at 350 mA for 90 min. The membranes were blocked with 5% non-fat milk in Tris-buffered saline and Tween 20 (TBST) at room temperature for 2 h, followed by incubation with the following primary antibodies overnight at 4°C: Anti-Col-1 (cat. no. ab6308; 1:1,000; Abcam, Cambridge, UK), anti-GPX-1 (cat. no. ab108427; 1:2,000; Abcam) and β-actin (cat. no. 4970S; 1:2,000; Cell Signaling Technology, Inc.). The membranes were washed three times with TBST and subsequently incubated with horseradish peroxidase-conjugated goat anti-mouse secondary antibody (cat. no. 115-035-062; 1:2,000; Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA) at room temperature for 2 h. Protein expression levels were analyzed by visualizing the bands with enhanced chemiluminescence (Pierce, Rockford, USA). ImageJ 1.50i software (National Institutes of Health USA) was used for densitometry.

### Statistical analysis

Data are expressed as the mean ± standard deviation. Unpaired t-tests were used for direct comparisons between the UVB and the UVB + crocin groups. For multiple comparisons, one-way analysis of variance followed by Tukey\'s post hoc test was performed. All analyses were performed using SPSS v.13.0 software (SPSS, Inc., Chicago, IL, USA). P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Cytotoxicity of crocin

To test the potential cytotoxicity of crocin on dermal fibroblasts, cells were treated with various concentrations (0, 12.5, 50 and 100 µM) of crocin for 72 h prior to measuring the levels of proliferation using a CCK-8 assay. As shown in [Fig. 1](#f1-mmr-18-02-1439){ref-type="fig"}, crocin did not inhibit the proliferation of cells at the concentrations tested, up to 100 µM, indicating that crocin at this dose range may not be toxic to fibroblasts.

### Crocin rescues the cell proliferation inhibited by UVB irradiation

To determine the optimal dose of UVB irradiation, fibroblasts were exposed to a range of UVB doses (0, 25, 50 and 100 mJ/cm^2^) and a CCK-8 kit was used to measure cell proliferation following 72 h. UVB irradiation significantly inhibited cell proliferation at the dose of 100 mJ/cm^2^ ([Fig. 2A](#f2-mmr-18-02-1439){ref-type="fig"}). Therefore, 100 mJ/cm^2^ was selected for the subsequent experiments. Following pre-incubation with crocin (12.5, 50 and 100 µM) for 24 h, cells were irradiated by UVB and cell proliferation was measured following 72 h. High doses (50 and 100 µM) of crocin significantly rescued the cell proliferation inhibited by UVB irradiation (P\<0.05), and the rate was similar to that following Vit C treatment ([Fig. 2B and C](#f2-mmr-18-02-1439){ref-type="fig"}).

### Crocin rescues UVB-induced cell cycle arrest

Flow cytometry analyses of the cell cycle are shown in [Fig. 3](#f3-mmr-18-02-1439){ref-type="fig"}. Cell populations in the G~2~/M phases were significantly increased following UVB irradiation, indicating that cells were arrested at the G~2~/M phase. As a positive control, Vit C treatment rescued cell cycle arrest as expected. High doses (50 and 100 µM) of crocin restored cell cycle arrest to levels similar to those of the control group (without UVB irradiation), indicating that crocin could rescue UVB-induced cell cycle arrest.

### Crocin prevents UVB-induced cell aging

To determine whether crocin could prevent cells from UVB-induced photoaging, SA-β-gal staining was performed following UVB irradiation ([Fig. 4A](#f4-mmr-18-02-1439){ref-type="fig"}). A significant increase in SA-β-gal-positive cells was observed following UVB irradiation ([Fig. 4](#f4-mmr-18-02-1439){ref-type="fig"}). A decrease in SA-β-gal-positive cells was observed in the Vit C-treated group as well as in the high dose (50 and 100 µM) crocin-treated groups ([Fig. 4](#f4-mmr-18-02-1439){ref-type="fig"}). Statistical analysis confirmed that the percentage of SA-β-gal-positive cells was increased in the UVB group, and decreased following Vit C or crocin treatment ([Fig. 4B](#f4-mmr-18-02-1439){ref-type="fig"}).

### Crocin reduces UVB-induced intracellular ROS

An increase in ROS is one of the most important mechanisms in photoaging ([@b4-mmr-18-02-1439]). In the present study, UVB irradiation significantly increased intracellular ROS when compared with the control group, while the ROS levels were reduced by Vit C and crocin treatment ([Fig. 5A](#f5-mmr-18-02-1439){ref-type="fig"}). These results were confirmed by flow cytometric analysis of the fluorescent intensity following DCFH~2~-DA staining ([Fig. 5B](#f5-mmr-18-02-1439){ref-type="fig"}). To verify the possible underlying mechanisms, free radical scavenging activity of crocin was measured. Crocin inhibited DPPH radial activity in a dose-dependent manner ([Fig. 5C](#f5-mmr-18-02-1439){ref-type="fig"}), indicating that it could partially neutralize ROS. In addition, the expression of the antioxidant protein GPX-1 was measured by western blot analysis. An increase in GPX-1 expression was observed in the Vit C and crocin-treated groups ([Fig. 5D and E](#f5-mmr-18-02-1439){ref-type="fig"}), indicating that crocin may reduce UVB-induced ROS, partially via the enhanced expression of antioxidant protein GPX-1.

### Crocin promotes the expression of ECM protein Col-1

Secretion of ECM is one of the major functions of dermal fibroblasts. A decrease in collagen secretion is commonly observed during skin aging ([@b13-mmr-18-02-1439]). As shown in [Fig. 6](#f6-mmr-18-02-1439){ref-type="fig"}, a significant decrease in Col-1 expression was observed at the mRNA and protein level following UVB irradiation. In addition, Col-1 expression was upregulated by Vit C and crocin treatment at the mRNA and protein levels, suggesting that cell functions were also restored following Vit C and crocin treatment.

Discussion
==========

Extrinsic skin aging is caused by environmental factors including smoking, consuming alcohol, UV irradiation and common pollutants, which can lead to dermal fibroblast damage and aging ([@b14-mmr-18-02-1439],[@b15-mmr-18-02-1439]). UVB is considered to be one of the most important factors that contributes towards aging ([@b16-mmr-18-02-1439]). In the present study, the results confirmed that UVB irradiation induced the production of intracellular ROS, arrested the cell cycle, inhibited cell proliferation and downregulated ECM production. Antioxidants, such as Vit C, which scavenge ROS, are able to protect cells from UVB-induced damage ([@b17-mmr-18-02-1439]).

Crocin, one of the main and active constituents of *Crocus sativus*, has been reported to have various bioactivities, including immunomodulatory, antitumor, anti-inflammation and antioxidant properties ([@b18-mmr-18-02-1439]--[@b22-mmr-18-02-1439]). Thus, it is not surprising that crocin could protect UVB-induced cell damage in cultured dermal fibroblasts, which was demonstrated by reduced intracellular ROS, rescued cell cycle and proliferation, and upregulated ECM production in the present study. One possible mechanism by which crocin may reduce intracellular ROS is by neutralizing ROS directly, as crocin could inhibit DPPH radical activity in a dose-dependent manner. Another potential mechanism could be that crocin upregulates antioxidant gene expression, which is supported by the upregulated expression of antioxidant protein GPX-1 following crocin treatment observed in the present study. However, an increased protective effect with 100 µM crocin treatment was not observed when compared with 50 µM crocin treatment. Intracellular ROS measurement revealed that ROS levels returned to basal (control) levels following 50 and 100 µM crocin treatment, indicating that 50 µM crocin may be sufficient to neutralize the UVB-induced ROS accumulation. Although GPX-1 expression was upregulated following crocin treatment, the regulatory pathway is still not clear. Therefore, it is worthy of further investigation in the future.

As a natural product, crocin has been widely used as a spice and a food colorant. Previous studies have demonstrated that crocin does not cause damage to any major organ in experimental animals ([@b23-mmr-18-02-1439],[@b24-mmr-18-02-1439]). Mohamadpour *et al* ([@b25-mmr-18-02-1439]) evaluated the safety of crocin in healthy volunteers and confirmed that it is relatively safe. In the present study, the proliferation of dermal fibroblasts was not affected by crocin treatment at the tested concentrations; in fact, slight stimulation of cell growth was observed following crocin treatment. These results strongly suggest that crocin could be used in the clinic without significant toxicity at pharmacological doses.

In the present study, the dose of UVB irradiation was optimized. Cells did not undergo apoptosis or necrosis at this exposure dose (data not shown), and the cell cycle was arrested at the G~2~/M phases. Cell senescence was observed by SA-β-gal staining, which produced similar results to those observed in previous studies ([@b26-mmr-18-02-1439]--[@b28-mmr-18-02-1439]). One limitation of the present study was that the protective effects of crocin against a higher dose of UVB-irradiation were not investigated. The anti-apoptotic potential of crocin has been demonstrated in previous studies ([@b29-mmr-18-02-1439],[@b30-mmr-18-02-1439]). Jia *et al* ([@b11-mmr-18-02-1439]) reported that crocin protected retinal pigment epithelial cells from H~2~O~2~-induced damage through the upregulation of the anti-apoptotic genes B-cell lymphoma 2 (Bcl-2) and Bcl-2-associated X protein. Thus, it is possible that crocin may exhibit protective effects at higher doses of irradiation via its anti-apoptotic activity. Another limitation of the present study was that cells were pre-treated with crocin 24 h prior to UVB irradiation. It remains to be investigated whether the application of crocin following irradiation would still protect the cells. Since crocin reduces intracellular ROS partially via the upregulation of antioxidant gene expression, it was speculated that the protective effects may be weaker than with pre-incubation due to the delayed expression of antioxidant genes. In future research, we aim to determine the anti-photoaging capacity of crocin in nude mice.

The protective effects of plant extracts on UVB-induced skin damage have been reported previously, including extracts from berries and herbs ([@b9-mmr-18-02-1439],[@b31-mmr-18-02-1439]). In general, the plant extracts contain a mixture of active components. In the present study, it was demonstrated that a single compound with a definite chemical structure possesses anti-photoaging activity. Furthermore, it is superior to the plant extracts that can be industrially synthesized with better quality control. The protective effects of crocin on photoaging fibroblasts suggest that it has potential applications in the protection against UVB-induced skin photoaging.
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![Effects of crocin (0, 12.5, 50 and 100 µm) on the proliferation of dermal fibroblasts.](MMR-18-02-1439-g00){#f1-mmr-18-02-1439}

![Crocin rescues the cell proliferation inhibited by UVB irradiation. (A) UVB irradiation inhibited fibroblast proliferation in a dose-dependent manner. \*P\<0.05 vs. control. (B) Crocin rescued the cell proliferation inhibited by UVB irradiation. \*P\<0.05, as indicated. (C) Morphology of fibroblasts at 72 h post-UVB irradiation. Scale bars, 150 µm. UVB, ultraviolet B; Vit C, vitamin C.](MMR-18-02-1439-g01){#f2-mmr-18-02-1439}

![Crocin rescues UVB-induced cell cycle arrest. (A) Representative histograms of the cell cycle analysis, as determined by flow cytometry. (B) Statistical analysis of cell cycle distribution from three independent experiments. ^\#^P\<0.05 vs. control; \*P\<0.05 vs. UVB. UVB, ultraviolet B; Vit C, vitamin C.](MMR-18-02-1439-g02){#f3-mmr-18-02-1439}

![Crocin prevents UVB-induced cell aging. (A) Positive SA-β-gal staining indicated aging cells. Scale bars, 100 µm. (B) Percentage of SA-β-gal-positive cells was determined by counting 200 cells per dish. \*P\<0.05, \*\*P\<0.01 and \*\*\*P\<0.001, as indicated. UVB, ultraviolet B; Vit C, vitamin C; SA-β-gal, β-galactosidase.](MMR-18-02-1439-g03){#f4-mmr-18-02-1439}

![Crocin reduces UVB-induced intracellular ROS. (A) Intracellular ROS measured by DCFH~2~-DA staining at 20 min post-UVB irradiation. Scale bars, 500 µm. (B) Intracellular ROS measured by DCFH2-DA staining and flow cytometry. (C) Antioxidant effect of crocin measured by 1,1-diphenyl-2-picrylhydrazyl radical-scavenging activity. (D) Western blot analysis of (E) GPX-1 expression at 72 h post-UVB irradiation. \*P\<0.05, \*\*P\<0.01 and \*\*\*P\<0.001, as indicated. UVB, ultraviolet B; Vit C, vitamin C; ROS, reactive oxygen species; GPX-1, glutathione peroxidase 1; DCFH~2~-DA, 2′,7′-dichlorodihydrofluoresce in diacetate.](MMR-18-02-1439-g04){#f5-mmr-18-02-1439}

![Crocin promotes the expression of collagen type 1. (A) Reverse transcription-quantitative polymerase chain reaction analysis of pro-collagen I at 72 h post-UVB irradiation. (B) Western blotting analysis of (C) collagen type 1 at 72 h post-UVB irradiation. \*P\<0.05, \*\*P\<0.01 and \*\*\*P\<0.001, as indicated. UVB, ultraviolet B; Vit C, vitamin C; col 1, collagen type 1.](MMR-18-02-1439-g05){#f6-mmr-18-02-1439}
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